Exercise-training-based pulmonary rehabilitation has been confirmed to be effective in improving the activities of daily living (ADL) and relieving the dyspnea of chronic obstructive pulmonary disease (COPD) patients. Exercise training increases the antioxidant capacity of COPD patients, but since strenuous exercise and acute exercise loading have the opposite effect and increase oxidative stress, it is important to establish exercise training conditions that efficiently raise antioxidant capacity without increasing oxidative stress. Research on oxidative stress during exercise training by COPD patients has been pursued from that standpoint, but in recent years the targets of research on respirator diseases other than COPD have been expanding. In this article we will therefore review the results of research that has been conducted thus far on the effect of pulmonary rehabilitation on oxidative stress, including the results obtained at our own institution.
INTRODUCTION
Pulmonary rehabilitation has been confirmed to be effective in improving the activities of daily living (ADL) of chronic obstructive pulmonary disease (COPD) patients and relieving their dyspnea [1] . Pulmonary rehabilitation centers on continuous exercise training, but in view of the possibility of continuing to perform it at home, walking exercise has become the most popular form of continuous exercise training. Exercise training increases the body's antioxidant capacity, but strenuous exercise or acute exercise loading have the opposite effect and instead increase oxidative stress [2] . Particularly since oxidative stress and nitrosative stress increase in COPD patients even at rest, COPD patients appear to develop severe oxidative stress even when the exercise load is mild [3] .
OXIDATIVE STRESS IN THE MUSCLES OF COPD PATIENTS
As a result of the effects of decreased daily activities and of generalized inflammation and oxidative stress, the cross-sectional area of the quadriceps femoris muscle of COPD patients decreases, and there is a decrease in the number of type I fibers (slow-twitch fibers), which have endurance strength, and an increase in the proportion type IIb fibers (fast-twitch fibers), which fatigue easily [4] . Since other changes, including decreases in the numbers of capillaries and mitochondria, an increase in oxidative stress, and a decrease in energy production, occur in the muscles of COPD patients in addition to these quantitative and qualitative changes in muscle fibers [5] [6] [7] [8] [9] [10] [11] [12] [13] , the muscles of healthy subjects and COPD patients respond differently even when they perform same exercise training. Actually, differences are known to occur in the level of gene expression in muscle exercise training by healthy subjects and COPD patients. For example, increases in oxidative stress and in the level of expression of ubiquitin-proteasome pathway genes and cytochrome c oxidase assembly (COX)-11, COX15, and mitogen-activated protein kinase (MAPK)-9 genes have been reported in the quadriceps femoris of COPD patients who performed exercise training for 3 months when compared with healthy subjects [14] . These changes seem to be results that reflect the effects of cellular stress, including hypoxia, but they are effects that should be taken into consideration in order to conduct exercise training in COPD patients effectively and safely. In addition, a higher degree of protein carbonylation and myosin heavy chain oxidation appears in the quadriceps femoris muscle of COPD patients after exercise training than in healthy subjects, and the protein levels of the antioxidant enzymes manganese-superoxide dismutase (Mn-SOD) and copper/zinc-superoxide dismutase (Cu/Zn-SOD) increased [15] . Furthermore, increases in oxidative stress and nitrosative stress accompanied by an increase in total SOD activity have been observed in the muscles of COPD patients while they are at rest [16] . Based on the above results, oxidative stress appears to increase in the skeletal muscles of COPD patients during exercise and at rest.
EXERCISE LOAD AND OXIDATIVE STRESS IN COPD PATIENTS
Changes in inflammatory markers and oxidative stress have often been measured as indicators of the effect of exercise loading on COPD patients ( Table 1) . Since there are systemic increases in the inflammatory response and oxidative stress in COPD patients even while they are at rest [17] , it has been pointed out that acute exercise loading, even if it is local exercise of the lower limbs, may aggravate the systemic inflammation and oxidative stress of COPD patients [18] . Moreover, results have even been published showing that the oxidative stress of COPD patients who had developed muscle fatigue increased as a result of only mild exercise loading, such as in the 6-minute walk test (6MWT), which is a common test [19] . When we summarized the effects of acute exercise loading on COPD patients thus far ( [32] . Because, based on these research findings, the inflammatory response in the muscles of COPD patients as a result of acute exercise loading decreases, it is understood to be a situation in which up-regulation of the defense system tends not to occur. There is also a report that the concentration of mitochondrial DNA in the vastus lateralis muscle of COPD patients decreased when they performed high-intensity acute exercise that exceeded the lactate threshold (LT) [33] . The mitochondrial DNA concentration in the skeletal muscles of healthy subjects also decreases if they perform intense exercise, but because the gene that encodes peroxisome proliferators-activated receptor-coactivator-1 (PGC-1), which is involved in mitochondrial energy production during high-intensity exercise, is overexpressed in COPD patients, excessive production of active oxygen species as a result of intense exercise may be the reason for the decrease in mitochondrial DNA [33] . Based on these research findings, pulmonary rehabilitation exercise whose intensity does not exceed the LT is recommended for COPD patients.
Summarizing the above research findings, there is a strong possibility of oxidative stress in the muscles and blood of COPD patients increasing during acute exercise. Thus, pulmonary rehabilitation programs that avoid overtraining appear to be desirable in order to keep the increase in oxidative stress to a minimum and to efficiently induce antioxidant capacity during the pulmonary rehabilitation of COPD patients.
ADAPTIVE RESPONSE TO OXIDATIVE STRESS DURING EXERCISE TRAINING
Exercise training does not usually improve the respiratory function of COPD patients, but it does increase their exercise tolerance. The possibility of activation of the stress adaptation response being the mechanism responsible for the increase in exercise tolerance as a result of exercise training has attracted interest. For example, accumulation of ammonia in the skeletal muscles of COPD patients is the cause of their muscle fatigue, but because less mitochondrial adenosine triphosphate (ATP) was produced than was needed, the ammonia accumulation appeared to have resulted from an increase in the catabolism of adenine nucleotides [34] . However, it has been reported that an adaptive response occurs in skeletal muscle when exercise training is performed, and the increase in ammonia is suppressed [35] . Other examples of adaptive responses as a result of exercise training in addition to this have been reported, including recovery of the muscle mass of skeletal muscles and from muscle composition changes and mitochondrial activation [36] [37] [38] [39] , but few studies have investigated the long-term effects of exercise training ( Table 2) . However, very interesting research findings, including prevention of the onset of COPD and suppression of oxidative stress, have begun to be reported recently as adaptive responses due to long-term exercise training. For example, it has been demonstrated that smokers who routinely engage in moderate to high-intensity exercise tend not to develop COPD [40] . On the other hand, when Toledo et al. repeatedly subjected rats to aerobic exercise for a 24-week period, they observed that the increase in 8-isoprostane as a result of smoking and decreases in interleukin-10 (IL-10), tissue inhibitor of metalloproteinase (TIMP)-1, and Cu/Zn-SOD were inhibited [41] . Pinho et al. observed that even when COPD patients who had completed 8 weeks of pulmonary rehabilitation engaged in acute exercise loading, their xanthine oxidase OPEN ACCESS 
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(XO) activity did not increase and blood lipid peroxide (TBARS) levels decreased, and they concluded that long-term pulmonary rehabilitation reduced exerciseinduced oxidative stress [29] . In addition, Mercken et al. demonstrated that after COPD patients had completed pulmonary rehabilitation and then engaged in acute exercise loading, the amount of lipid peroxides in their urine, amount of hydrogen peroxide in their exhaled breath condensate, and amounts of uric acid and oxidative DNA damage in their plasma had decreased compared to COPD patients who engaged in acute exercise loading without preceding pulmonary rehabilitation [26] . Similarly, Rodriguez et al. reported that nitrosative stress in patients with severe COPD had decreased after they completed an 8-week period of high-intensity exercise training [16] . Based on the above results, long-term continuous exercise training appears to activate an adaptive response to oxidative stress. Nevertheless, there are also research results showing that endurance exercise increases nitrosative stress in severe COPD without affecting antioxidant enzyme activity [42] . However, doubt persists as to whether the intensity of the exercise performed in that study (pedaling a bicycle ergometer for 1 hour a day) or the duration of the exercise (5 days a week for 3 weeks) was appropriate as adequate endurance exercise. For example, in an animal experiment conducted on mice that compared the effectiveness of exercise training for 4 weeks and for 8 weeks, increases in the activity of succinate dehydrogenase (SDH) and mitochondrial respiratory chain complexes 1, 2, 3 and 4 and decreases in TBARS and PC were finally observed at 8 weeks [43] . Based on the results of this animal experiment it is concluded that a longer period of training is necessary in order to induce an adaptive response to oxidative stress.
Continuing exercise for 20 minutes or more a session, 3 or more times a week, for 6 to 8 weeks or more is recommended to increase the efficacy of exercise training clinically, and high-intensity exercise at 60% -80% peak V ・ O 2 is said to be highly effective [44] . However, a greater decrease in the amount of reduced glutathione (GSH) in the vastus lateralis muscle after 8 weeks of high-intensity exercise training was reported in a group of COPD patients with a low body mass index (BMI) than in a group with a normal BMI [45] . Thus, COPD patients who have a smaller muscle mass may be more susceptible to the effects of oxidative stress as a result of exercise.
Oxidative stress during exercise is also affected by hypoxic states [46] . For example, negative correlations have been found between the blood TBARS, IL-6, and tumor necrosis factor (TNF)- concentrations of COPD patients and their PaO 2 values [28] . Moreover, oxidative stress, including TBARS, PC, and XO activity, was found to decrease in COPD patients who exercised while inhaling oxygen (4 L/min) in comparison with patients who did not inhale oxygen [47] , and results showing that oxidation of GSH was suppressed by oxygen administration have also been published [20] . Thus, treatment of hypoxemia is also necessary to prevent increases in oxidative stress while performing exercise training.
SIGNIFICANCE OF SOD MEASUREMENTS DURING EXERCISE TRAINING BY COPD PATIENTS
As shown above, appropriate exercise training by COPD patients may activate an adaptive response to oxidative stress and increase the body's antioxidant capacity. We therefore thought that measurements of serum SOD content might serve as a biomarker for judging tvvhe efficacy of exercise training, and we investigated whether it would. SOD is an antioxidant enzyme that is positioned at the top of the antioxidant system in the body, but three different isozymes are known to exist according to the location, and one of the isozymes, manganese-superoxide dismutase (Mn-SOD), is present in mitochondria [48] . We conducted a pulmonary rehabilitation program that consisted of breathing exercises, upper and lower limb muscle strength training, and walking training for 8 weeks in 10 COPD patients. Before and after the rehabilitation program we had them perform the 6MWT as an indicator of exercise tolerance, and we measured their serum Mn-SOD content as an indicator of antioxidant capacity and their serum TBARS concentration as an indicator of lipid peroxidation. We calculated peak V ・ O 2 from the 6MWT prediction formula, and set the intensity of the walking training at 60% -70% of the value obtained. The results of the comparison between before and after the pulmonary rehabilitation program showed no changes in respiratory function, but the distance walked (6MWT) improved (Figure 1(a) ), and a decrease in serum TBARS and increase in serum Mn-SOD content were observed after the pulmonary rehabilitation program (Figures 1(b) and (c) ). Based on these results, we concluded that the pulmonary rehabilitation program increased antioxidant capacity without increasing oxidative stress, and the results showed that serum Mn-SOD content measurements might be useful in judging the efficacy of exercise training [49, 50] .
EFFICACY OF ANTIOXIDANTS AGAINST OXIDATIVE STRESS DURING EXCERCISE
Attempts have also been made to reduce oxidative stress during exercise by administering antioxidants to COPD patients. For example, there are results of a study show- ing that increases in lipid peroxides in the blood of COPD patients given vitamin C or vitamin E were prevented and their exercise tolerance improved [23] , and results have been published showing that intravenous infusion of dichloroacetate (DCA), which is used to treat lactic acidosis, prevented increases in urinary uric acid values (an indirect indicator of oxidative stress) during exercise [31] . There is also a report that when the XO inhibitor allopurinol was given to COPD patients orally no increase in lipid peroxides or decrease in GSH was observed in their blood during exercise [21] . Based on these findings XO appears to be important as a source of production of active oxygen species during exercise. Results showing that administration of N-acetylcysteine (NAC) reduced the oxidative stress of COPD patients and improved their exercise tolerance have also been presented [25] .
EXERCISE TRAINING FOR OTHER RESPIRATORY DISEASES AND OXIDATIVE STRESS
In regard to other respiratory diseases besides COPD, the relationship between exercise training and oxidative stress has been investigated in bronchial asthma [51] . When children with bronchial asthma in that study were divided into a group treated with routine drug therapy that included inhaled steroids and a group treated with drug therapy + exercise training, blood SOD activity was found to increase in both groups, but an improvement in respiratory function, increase in glutathione peroxidase (GPX) activity, and a decrease in lipid peroxides were observed in the drug therapy + exercise training group alone. Based on these research findings it appears that, by increasing antioxidant capacity, exercise training may exert a therapeutic effect that is additive to drug therapy for asthma.
Evaluations of the efficacy of pulmonary rehabilitation in idiopathic pulmonary fibrosis (IPF) have been inconsistent [52, 53] , and increases in urinary 8-isoprostane and decreases in total antioxidant capacity (TAC) have been observed after exercise loading by low-intensity bicycle ergometer exercise [54] . However, it is unknown whether antioxidant capacity is induced by continuous exercise training.
CONCLUSION
Differences in the intensity of the exercise, duration of the exercise, and exercise methods have greatly influenced the results of research on pulmonary rehabilitation and exercise training. Differences in the severity of the subjects' disease, their body weight, and muscle mass, whether or not they are hypoxemic, and differences in the classes of drugs used to treat them (theophylline, steroids, etc.), and the periods when the specimens were collected are also important variables that have affected the results. Because of such variables the results of research on pulmonary rehabilitation and exercise training have not been consistent. However, continued research in regard to the establishment of exercise training conditions is necessary in order to increase antioxidant capacity while minimizing increases in oxidative stress, and to conduct pulmonary rehabilitation that is both safe and efficient.
